A shielding technique is proposed to suppress the magnetic field emissions below the limits set by the International Commission on Non-Ionizing Radiation Protection (ICNIRP). The leakage pattern produced by the DD coil is different than unipolar (circular, rectangular, etc.) pads and traditional eddy current based aluminum shields are not effective at suppressing this leakage field. Therefore, a methodically designed magnetic shield could be more effective. This study proposes a shielding technique for DD coils using a combination of aluminum shielding and a low reluctance magnetic shield to suppress the magnetic field emissions. The shielding effectiveness is evaluated through finite element analysis (FEA) models and tested experimentally. The effectiveness of the proposed magnetic shielding and the limits of the conventional aluminum shielding are studied. A prototype 11-kW DD coil wireless charging system is used to experimentally validate the proposed shielding technique. The experimental results show that the aluminum shield increases the emissions of DD coils by 25% and the proposed magnetic shield can be employed to suppress the emission by 60%.
I. INTRODUCTION
Wireless charging systems (WCS) have been used in a diverse array of applications including low power cell-phones, IoT devices, and high power applications such as robotics and electric vehicles (EVs). The significant improvement in the efficiency and power density of WCS along with rapid growth of the EV market -that benefits from fast and convenient charging -has resulted in significant academic and industrial research focus on developing WCS for EV charging.
WCS for EVs typically have one transmitter (Tx) that is installed on the floor or underneath the ground surface and one receiver (Rx) mounted on the undercarriage of the vehicle. A typical WCS is depicted in Fig. 1 . The power of WCS in EV applications ranges from a few hundred watts for small golfcarts, 3 kW to 20 kW for passenger vehicles, and greater than 50 kW for electric buses [1] , [2] . The air-gap between the Tx and Rx usually ranges between 10 cm to 30 cm depending on vehicle type. Since a significant amount of power is transmitted over a large airgap, these systems can produce a large amount of electromagnetic field (EMF) emissions both inside and outside the vehicle. Field emissions are a serious safety concern and restricting them to safe levels is one of the main engineering challenges for high-power WCS. In addition to health issues, field emissions may also interfere with other vehicle-side electronic systems such as keyless entry and remote start systems, tire pressure sensors and vehicle infotainment systems. In the case of connected and automated vehicles, other controls, communications, and sensing systems may also be impacted.
To address these concerns, WCS should meet emissions limits outlined by international regulations. There are several regulatory limits on electromagnetic field emissions in different parts of the world. The Society of Automotive Engineers has recommended adoption of the 2010 guidelines set forth by the International Commission of Non-Ionized Radiation Protection (ICNIRP) for WCS emissions testing. According to the ICNIRP 2010 guideline, the magnetic field limit for 3kHz to 100kHz is 27µTrms for general-public exposure and 15µTrms in areas where body-implanted pacemakers are a concern [6] .
To comply with the ICNIRP guideline, the Society of Automotive Engineers (SAE) has recommended a 800 mm × 800 mm × 1 mm aluminum shield above the unipolar rectangular receiver pad [8] . Moreover, the vehicle undercarriages of the recent battery electric vehicles are flat, metallic, and ferrous (in some cases) and acts as a lossy conductive shield. These conductive shields are very effective at suppressing magnetic field emissions from unipolar WCS. However, the effectiveness of conductive aluminum shielding has not been critically evaluated for DD coil based WCS.
This manuscript has been authored by Oak Ridge National Laboratory, operated by UT-Battelle, LLC, under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan). Different active and passive shielding methods have been proposed in the literature. However, most of these are investigated in the context of unipolar circular and rectangular coils [1] - [4] , [7] . In [5] , the emissions of a mismatched bipolar coil to DD receiver coil was investigated at a power of a few kilowatts. However, the EMF emissions suppression methods have not been thoroughly studied for a high-power WCS utilizing a DD transmitter and receiver coil topology.
The most common passive shielding technique used in WCS is an aluminum plate under the transmitter pad and above the receiver pad. Eddy currents induced in the shield oppose the leakage flux and effectively suppress the emissions for circular coils. However, this approach is not effective for DD coils due to their significantly different winding layout and consequent flux pattern. Therefore, the first goal of this paper is to study the flux pattern of the DD coils. Then a shielding method is developed utilizing the eddy current based flux cancelling approach together with a low reluctance magnetic shielding method. Finally, a novel shielding method is proposed for the DD coil based WCS.
Magnetic field emissions increase roughly proportional to the square root of the power level. Therefore, it becomes more challenging for higher-power WCS to meet the ICNIRP emissions limits. This paper studies the shielding method is studied, simulated, and validated for both a WPT3 level 11 kW charger and a 100 kW DD-coil WCS operating at 22 kHz.
Meeting emissions specifications for mismatched coils with a smaller receiver is more challenging than a similar power WCS with matched coils. In this paper, the magnetic field emissions and effectiveness of the various shielding techniques are studied and evaluated experimentally for an 11 kW mismatched DD-coil WCS operating at 86 kHz.
In Section II, the characteristics of the magnetic field emissions of DD coils are studied with the SAE recommended shielding approach and compared to the proposed magnetic technique. In Section III, different shielding methods are evaluated using detailed finite element analysis. In Section IV, experimental results are given comparing the effectiveness of different shielding methods for an 11 kW mismatched DD-coil WCS.
II. EMF EMISSION CHARACTERISTICS OF DD-WCS
The EMF emissions at any point outside the vehicle caused by a WCS depend on the distance of the test point from the charging pads and the number of ampere-turns in the transmitter and receiver coils. The recommended test point is the nearest point outside the vehicle that can be considered a generally exposed area. Therefore, this test point location varies quite significantly given the different widths of various vehicle types. In SAE technical recommendation J2954, a suggested distance for the test point for a typical passenger vehicle is 800 mm away from the center of the receiver [9] .
The number of ampere-turns in the transmitter and receiver are determined by the power level, operating frequency, and coupling factor of the system. 
where Itx and Irx are the transmitter and receiver coil currents, f is the operating frequency, Ltx and Lrx are the self-inductances, and k is the coupling coefficient. Equation (1) can be further expanded to
where and are the average per-turn-inductances of the transmitter and receiver coils that depend on the coil size. The equations show that the number of ampere-turns required in the transmitter and receiver at a certain power are determined by the coupling coefficient, frequency, and size of the coils as reflected by and . Here, both the coupling coefficient and the per-turn-inductances are mainly determined by the geometry of the pads and can be assumed to be independent of the number of turns. It is evident from (2) that, give a power level, the ampere-turns in the coils (a key factor for EMF emissions) is determined by the coil-size and the operating frequency.
A. EMF Emission vs Operating Frequency
The operating frequency of a WCS is typically chosen to optimize a combination of inverter switching losses, coil conduction losses, ferrite core losses, and EMF shield losses. The 3 kW to 11 kW WCSs referenced design in SAE J2954 operate in a frequency band between 79 kHz and 90 kHz. However, SAE is yet to set a frequency for higher power WCS. Often, a lower frequency in the range of 18 kHz to 36 kHz is chosen for high-power applications. However, as shown in (2), operating near 22 kHz will require almost double the amp-turns 
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From inverter compared to an 85 kHz system. This will cause the leakage flux in a 22 kHz system to be nearly twice that of a similar power 85kHz system.
The inductance-per-turn of the transmitter and receiver can be considered constant for a fixed pad size. Therefore, it can be deduced from (2) that, for a fixed pad geometry, the number of amp-turns of the primary and secondary coils are solely determined by the operating frequency and power level. Therefore, this paper studies systems utilized DD-coils at two power levels associated with two different operating frequencies.
It is intuitive that higher-power WCS for heavy-duty vehicles are more likely to exceed the ICNIRP emission limits than the lower-power WCS for light-duty vehicles. However, it is not always so straightforward. Rather, all three parameters (power level, coil geometry, and operating frequency) play equally important roles in determining the intrinsic leakage EMF. To thoroughly study these factors, the emission characteristics are investigated for a 100 kW matched DD-coil system operating at 25 kHz and a 11 kW mismatched DD-coil system operating at 85 kHz. The parameters of these two test systems are provided in Table I . 
B. Tx-Rx Orientation and Observation Points
Following the SAE wireless charging standards development taskforce J2954, the orientation of the DD coil with respect to the orientation of vehicle and parking area is shown in Fig. 1 . In this orientation, the observation points in the X and Y-directions are shown in Fig. 3 for a matched DD-coil. Assuming the origin of the axis system is at the midpoint between the transmitter and the receiver, two observation points at 800 mm away along X and Y-axis are denoted Px=0.8m and Py=0.8m. The vehicle undercarriage of the recent EVs are mostly made of high-strength steel and alluminum alloy that also act as conductive shielding for the magnetic fields. Since any ferrous material in the undercarriage will be subject to extreme heating and losses due to high frequency leakage fields, the SAE has recommened the use of a 1 m × 1 m × 0.7 mm large aluminum plate above the recevier in their testing appartus, as shown in Fig. 3 . 
C. Shielding Effectiveness
To limit the magnetic field leakage, different methods are evaluated. The effectiveness of the shielding at any point is represented in terms of relative shielding effectiveness (SE) defined as [9] 2 1 2 1
where sh-1SEsh-2 is the shielding effectiveness of shield sh-2 with respect to a reference shield sh-1, and Bsh-1 is the rms magnetic field density at the observations point with shield sh-1 and Bsh-2 is the rms magnetic field at the same point with shield sh-2. In this paper, four different shielding configurations are studied including the basic transmitter and receiver with only an aluminum backplate shield, the receiver side SAE proposed large aluminum plate shield, the proposed shield on one side, and proposed shield on the both transmitter and receiver sides. The details of those shield configurations and their relative effectiveness is presented in Section-IV.
III. FEA ANALYSIS The FEA model of the 100 kW system shown in Fig. 3 . Its system parameters are given in Table I . Simulations were performed in ANSYS Maxwell. The flux density under the vehicle along the Y-axis is shown in Fig. 4 . This figure shows that as the operating power level increases above 50kW, the magnetic field at Py=0.8m exceeds the ICNIRP 2010 threshold of 27 µTrms. Besides shielding, the aluminum plate is used on the receiver side to prevent losses in the vehicle body. Therefore, an aluminum shield is necessary for all coil topologies, despite the detrimental effects of increasing emissions DD coils. As the eddy current shield is ineffective, an advance alternative shielding technique is required to suppress the magnetic field emission from the DD coils. In this paper, the feasibility of a high permeability ferrite based magnetic shield is studied.
The selection of magnetic or conductive shielding primarily depends on the dominant components of the magnetic field vector. Figure 7 shows the flux density vector on the XY-plane for the maximum field emissions where the horizontal component of the stray magnetic field (Bx and By) are more dominant than the vertical component (Bz). The horizontal field orientation makes a high permeability magnetic shield more effective than the traditional eddy current based passive or other active shields for DD based WCS. A horizontally aligned highpermeability ferrite path will provide a low-reluctance route for stray magnetic fields and reduce the EMF emission. 
A. Proposed Mangetics Shield
Unlike unipolar circular and rectangular coils, DD coils have a different pattern and distribution of the flux density in the X, Y and Z directions: The XY-planar components are much more dominant than the Z-component. For horizontally dominant magnetic fields, magnetic shields are more effective than conductive shields. An FEA model of the proposed magnetic shield to suppress the EMF emissions of the highpower DD-coil is shown in Fig. 8 (a) . The resulting magnetic field distribution on the YZ plane is shown in Fig. 8 (b) . It shows the stray magnetic fields are effectively suppressed near the observation point. A more detailed comparison of the effectiveness of this method to the standard approaches is shown in Fig. 9 . The simulations indicate that the EMF emissions exceed the limit for the aluminum shield while the proposed magnetic shield meets the 27 µTrms ICNIRP limit. The emissions can be further reduced by using higher permeability ferrite or increasing the cross-sectional area of the magnetic shield. 
B. Other Properties of the Proposed Magnetic Shield
The core loss in the additional magnetic shield is negligible as the flux density in the shielding ferrites is very low. Compared to the conductive shield, which reduces the self and mutual inductance of the coils by up to 10%, the effect of the magnetic shield is found to be insignificant, altering the coil inductance by less than 0.5%.
The main challenge of the proposed shield is the additional weight and increased cost of the system. Ferrite is a very brittle material and using it to implement large area shielding on the vehicle side could be somewhat challenging. To avoid additional weight and complexity of the receiver, a transmitter side only magnetic shield could also be implemented to suppress the magnetic field.
IV. EVALUATION FOR 11 KW WCS
The effectiveness of the proposed shield is now investigated for a 11 kW mismatched DD-coil wireless charging system. The design parameters of the system are given in Table I and  Table II . In this system, the receiver length and width were approximately half of the transmitter. The diminished size of the receiver reduces the coupling coefficient and misalignment tolerance. This also makes it challenging to comply with EMF emissions limit under all operating conditions. In the following sections, the perfectly aligned condition of the transmitter and receiver is investigated using FEA and experimental testing to evaluate the effectiveness of the proposed shield for DD coils.
A. Evaluation through FEA Analysis
The four different shield configurations evaluated with the 11 kW system are shown in Fig. 10 . For each of the configurations, the leakage magnetic field was observed at both Px=0.8m and Py=0.8m. The shield efficacies found from FEA simulations for these configurations are given in Table II . The above-unity SE of the large aluminum shield indicates that it increases the emissions in both the X and Y directions rather than suppressing them. This also shows that it increases the magnetic field in the Xdirection (along the vehicle) much more than the Y-direction (toward the sides of the vehicle). 
Shield Configurations
Relative SE SE at Px=0.8m SE at Py=0.8m SAE Al shield ( Fig. 10 (b) )
Proposed shield: Rx only ( Fig. 10 (c) )
0.60 0.60
Proposed shield: Tx and Rx ( Fig. 10 (d) )
0.48 0.46
Table II also shows that the proposed magnetic shield reduces the leakage field in both the X and Y-directions. The double-sided magnetic shield is approximately 1.5 times more effective than using only one side. The necessity of using shielding on one or both sides will depend on the power level, the coil pair intrinsic leakage flux, and shielding requirements under maximum allowed misaligned operation.
The position, width, and thickness of the ferrite-block used for the magnetic shield also has a significant effect on the shielding effectiveness. Wider and thicker ferrite do not always provide greater shielding effectiveness. Rather, the ferrite should have an optimal thickness and width. The position of the ferrite strip also significantly impacted the shielding effectiveness. As the ferrite strips were placed further away from the center of the Tx-Rx (toward the observation points), the shield demonstrated higher effectiveness.
B. Experimental Evaluation
The experimental setup of an 11 kW EV WCS is shown in Fig. 11 . For clarity of view, the setup in the figure was equipped only with an aluminum backplate and the proposed magnetic shield on the receiver side. The transmitter and receiver pads are mis-matched DD-coils. The transmitter has 6.25 turns and the receiver has 8.25 turns. The dimensions of the transmitter and receiver pads are given in Table IV . The EMF emission characteristics of the system with four different shield configurations were evaluated experimentally. For each configuration, the magnetic field was observed at the observation points Px=0.8m and Py=0.8m. The proposed magnetic shield was made of strips of 100 mm × 3.8 mm ferrite made with FR438081IC core material. The initial relative permeability of the FR438081IC is 2300. The experimental setup with the SAE large aluminum shield is shown in Fig. 12  (b) . This large shield is meant to protect the vehicle undercarriage as mentioned earlier. The proposed magnetic shield was evaluated coexisting with this large aluminum plate shield on top of the receiver as shown in Fig. 12 (a) .
The shield effectiveness was evaluated by measuring the frequency spectrum of the stray magnetic field at the proposed observation points using a NARDA EHP-200A isotropic electromagnetic field analyzer. The sensor was placed such that the center of the probe co-locates with the observation points. The X, Y and Z-axis of the NARDA probe was matched with the system X-Y-Z direction as shown in Fig. 11 .
The experimentally measured parameters of the system are shown in Table IV . These results agree with the design values shown in Table II . In this system, the transmitter was LCC compensated and receiver was series compensated. The resulting transmitter and receiver RMS coil currents are given in Table IV . The corresponding current waveforms are shown in Fig. 13 with respect to inverter output voltage. The dc-to-dc efficiency of the system was found to be approximately 91.4%. Fig. 12 . The charging pad system with (a) the proposed transmitter and receiver side magnetic shield and (b) the SAE large aluminum shield which protects the vehicle undercarriage. Fig. 13 . The transmitter and receiver coil currents at 11 kW load power with 91.4% efficiency.
At 11kW load power, the RMS magnetic field for the different shield configurations is summarized in Table V for operation at 86 kHz. The intrinsic leakage flux density of the system is 19.08 μTrms at Px=0.8m and 12.28 μTrms at Py=0.8m. When the large aluminum shield was added, the field density at Px=0.8m increased to 24.89 μTrms. The large aluminum shield increased the magnetic field more in the X-direction than in the Ydirection. On the other hand, the proposed magnetic shield effectively reduced emissions in both X and Y-directions. Using the ferrite shield on both the Tx and Rx sides was found to be almost 1.5 times more effective than using only an Rx side shield. However, this also increased the amount of additional ferrite in the system. The amount of ferrite can be optimized based on system requirements.
The spectrum of the magnetic field for the large aluminum shield (Sh-2) and the double-sided magnetic shielding (Sh-4) are shown in Figs. 14 (a) and 14 (b (Fig. 12 (b) and (b) the proposed magnetic shied on both Tx and Rx ( Fig. 12 (a) ).
Figure 14 (a) shows that the RMS magnetic field is very close to the ICNIRP 2010 general-public exposure limit at perfect alignment of the transmitter and receiver. Any misalignment between them will require higher current in the coils to transfer the same power, making the system vulnerable to exceeding the ICNIRP limits. However, the system requires some degree of misalignment tolerance. The leakage magnetic field must be reduced further to achieve 11 kW power transfer in misalignment without exceeding the ICNIRP limit. The proposed double-sided magnetic shield effectively suppressed the magnetic fields to safe levels as shown in Fig. 14 (b) . The relative efficacies of these shield configurations are shown in Table V , represented in terms of the shielding effectiveness as defined in (3) . The proposed magnetic shield has suppressed the leakage magnetic field by up to 37%.
V. CONCLUSIONS In this paper, the EMF emission characteristics of a 100 kW wireless charging system with matched DD coils was investigated. A novel magnetic shielding technique was proposed to suppress the EMF emissions below the ICNIRP 2010 limit of 27 µTrms. It was found that, contrary to unipolar circular and rectangular pads, passive eddy current shielding of DD-coils increases the magnetic field emissions. The magnetic field vector from the DD-coils show a dominant XY-planar component at the observation points, compared to dominant Z components in unipolar coils. A high-permeability ferrite based magnetic shielding technique following the magnetic field pattern of the DD-coil was developed to guide the leakage flux through a low reluctance path and limit the EMF emissions. FEA analysis of the proposed magnetic shield showed suppression of the EMF emissions for a 100 kW system from 55.5 µTrms to 27 µTrms. Extensive experimental validation of the proposed shielding technique for an 11 kW mismatched DD-coil WCS showed up to 37% reduction of the stray magnetic fields throughout the charging area, demonstrating its high efficacy. The proposed magnetic shield could be made more effective by using higher permeability ferrite cores. 
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